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Takeoff weight is an important parameter for computing accurate aircraft trajectories. Most systems used
for simulating air traffic and for providing air traffic management decision support use takeoff weights that
depend only on the aircraft type. This paper proposes a closed-form algorithm for estimating takeoff weights
based on flight plan and aircraft performance data. The algorithm is derived by combining the constant-
altitude-cruise range equation with the weight estimation procedure commonly used in aircraft design. The
model first determines whether the payload is limited by payload capacity, maximum takeoff weight, or fuel
tank capacity, and then calculates the takeoff weight accordingly. The model is verified against manufacturer
provided payload range diagrams for a jet and a turboprop aircraft. Accurate and fast takeoff weight esti-
mation with negligible computational overhead will enhance large scale air traffic simulations by improving
the accuracy of trajectories and fuel burn estimates. Improvement in trajectory and fuel burn estimates will
benefit the assessment of noise and emissions as well as improve the accuracy of automated conflict detection
and resolution algorithms.

Nomenclature

= reference wing area, [m?]

= thrust specific fuel consumption (TSFC), [1/s]
= parasitic drag coefficient

= induced drag coefficient

= cruise speed, [m/s]

= groundspeed, [m/s]

= wind speed, [m/s]

= wind-compensated distance, [m]
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dg = flight route distance, [m]

dart = distance to alternate airport, [m]

dhold = distance for holding, [m]

h = cruise altitude, [m]

q = dynamic pressure, [N/m?]

thold = extra holding time, [s]

fine = climb fuel increment factor

fman = maneuver fuel factor

fres = reserve fuel factor

Wg = fuel weight, [N]

Wrs = fuel weight for segment s, [N]

(Wp)ﬁ = required fuel weight to cruise from A to B, [N]
Warr = maximum fuel weight, [N]

W; = aircraft weight at the beginning of cruise, [N]
Wy = aircraft weight at the end of cruise, [N]

Wro = takeoff weight, [N]

Wyrro = maximum takeoff weight, [N]
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Wg = empty weight, [N]

War = zero fuel weight, [N]

Wyzr = maximum zero fuel weight, [N]
WperLp = payload weight, [N]

Wyprp = maximum payload weight, [N]
Symbols

Py = ground track heading, [rad]

(O = wind heading, [rad]

1. Introduction

AKEOFF weight is an important aircraft performance parameter that affects climb and descent gradients, as well as

total fuel burn. For air transportation simulations, accurate climb and descent gradients are essential for conflict
detection and resolution.! Accurate takeoff weight estimation is also crucial for assessing economic and environmental
impacts,” because the total fuel burn is a function of the takeoff weight, and the noise signature is sensitive to the climb
and descent gradient.

Weight estimation has been researched for different applications. Cavcar and Cavcar
model for constant altitude transonic cruise. Their work is focused on aiding aircraft design. Williams and Green
described the weight estimation model in NASA’s Center-Terminal Area Approach Control Automation System. In
this system, weight at the beginning of descent is estimated by subtracting the fuel burn rate multiplied by the flight
time from the takeoff weight. If those data are not available, the system uses a pre-specified typical descent weight
for each aircraft type. In commercial operations, fuel weight is calculated as a part of flight planning. Flight planning
systems employ higher fidelity models that involve iterative processes, and those models are often proprietary.’

In this study, a simple yet accurate takeoff weight estimation model for jet and turboprop aircraft that is suitable
for large scale air transportation simulations is developed. As these simulations generally need to process tens of
thousands of flights, a closed-form solution method is developed by combining the constant-altitude-cruise range
equation with a weight estimation technique from aircraft design.® It is difficult to derive an analytical expression that
accurately estimates the weight of the climb fuel, because the standard climb procedure that maintains a calibrated
airspeed schedule produces complicated variations in the true airspeed and climb rate. This study handles the climb
segment by adapting a climb fuel increment factor from aircraft design and by creating a least square curve fit for this
factor. Consequently, the model maintains accuracy even when the cruise segment is relatively short.

Aircraft performance data come from the Base of Aircraft Data,” and operational parameters such as route distance,
cruise speed, and cruise altitude come from the filed flight plan. The model consists of a set of algebraic equations
that first determines whether the payload is limited by maximum payload capacity, maximum takeoff weight, or fuel
tank capacity. Once this phase of payload limitation is determined, maximum allowable payload is computed for the
given conditions, and the fuel weight, including reserve fuel weight, is calculated.

The rest of the paper is organized as follows. Section II describes each flight segment. In Section III, the approxi-
mate model for estimating the climb fuel is explained in detail. In Section IV, a derivation process of the closed-form
solution is presented. Section V compares payload range diagrams created using the weight estimation method with
real world data for verification. Section VI compares trajectory simulation results and shows the effect of takeoff
weight. Finally, Section VII concludes the paper.

3 constructed an approximate

4

II. Fuel Weight for Each Flight Segment

For the takeoff weight computation, three basic flight segments (climb, cruise, and descent) are examined. The
characteristics of each segment, as well as the appropriate model for estimating the fuel consumption for the given
segment, are investigated. The weight of additional fuel required for maneuvers and reserve are also discussed.

A. Climb Segment

An aircraft maintains a specified calibrated airspeed (CAS) schedule that is a function of altitude during climb. Engine
thrust is set to the maximum climb thrust. Using the total energy equation, climb rate is determined by true airspeed
(TAS) and thrust. Since the TAS and thrust continuously vary as the aircraft climbs, it is not trivial to analytically
integrate the fuel consumption during the climb segment.
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A technique used in aircraft design is to apply a climb fuel increment factor.® This factor, fi,., is defined as the
additional fuel required to climb, Wg,,,., compared to the amount of fuel that is required to cruise the same distance
at the cruise altitude divided by the takeoff weight, W, as described in Eq. (1). This relation is illustrated in Fig. 1.

Top-of-Climb (TOC)

W, . /
cruise

F climb

Figure 1. Climb fuel and corresponding cruise fuel.

TOC
f WFmC WFclimb - (WFcruise)depa'r’tu’re (1)
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Wro Wro

Two dominant parameters for computing f;,. are cruise altitude, h, and cruise speed, V', as shown in Eq. (2).
Equation (2) was developed based on the fuel burn data from a DC-9-30, a DC-8-62, and a DC-10-10.% For the current
study, a more elaborate approximation that captures the characteristics of each aircraft type is developed using the
trajectory simulations based on BADA. Details of this approximation are discussed in Section III.

e (i)

finc =

2

B. Cruise Segment

The commonly used range equation, Breguet’s range equation,® was derived assuming a constant lift to drag ratio. If
an aircraft is assumed to maintain its maximum lift to drag ratio, Breguet’s equation is expressed as in Eq. (3). W is
the initial weight at the beginning of the cruise segment and W7 is the final weight at the end of the cruise segment. ¢
is the thrust specific fuel consumption that is a characteristic of each aircraft. For jets and turboprops, c is a function
of TAS. Cp and C'p, are parasitic and induced drag coefficients at cruise condition. To maintain its lift to drag ratio
at maximum value, an aircraft has to climb slowly.

v 1
d=————— (W, —InW 3
¢ 2Tl V) @
However, in actual operations, most aircraft maintain a preferred cruise altitude. Instead of the Breguet’s range
equation, the constant-altitude-cruise range equation described in Hale® is required. This equation, shown in Eq. (4),
is rearranged to use the parameters given in the BADA. The dynamic pressure, g, is a function of h and V. S is the
reference wing area of the aircraft. Equation (4) forms the basis of computing the takeoff weight.

Vv 1 _ Wl CD2 _ Wf CDQ
d=————(tan ' | =44/ == | —tan"* | =2,/ == 4
¢ vCpoCha ( <qS \ CDO) (qS \/ Cpo @

If the wind forecast along the route is available, wind-compensated distance, d, can be used instead of flight route
distance, d,. When there is wind, groundspeed is not identical to airspeed. Figure 2 shows the relation between
airspeed, wind speed, and groundspeed. groundspeed'® can be computed using Eq. (5). d is computed using Eq. (6).
Flying the given ground track distance with wind is equivalent to flying the wind-compensated distance without wind.

Vy =V cos <sin_1 <“/;;’ sin (¢, — wg)>> + Vi cos (Y, — tg) (5)
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Figure 2. If wind forecast is available, groundspeed can be computed to account for the effect of wind.

d=—dg (6)

C. Descent Segment

Fuel consumption in descent is significantly lower than that in climb or cruise. However, the fuel used during descent
is small compared to the total fuel consumption, so it is replaced by the fuel required to cruise the same distance
as from the top-of-descent (TOD) to the landing airport.® The substitution will slightly overestimate the amount of
required fuel, but it can be considered an extra safety factor on top of the reserve fuel.

arrival
WFdescent = (WFcruise)TOD (7)

D. Maneuver and Reserve Fuel

The fuel required for warm-up, taxi, takeoff, approach, landing, and other possible maneuvers is consolidated into a
single item called maneuver fuel. The maneuver fuel weight, Wg,,,,,., is generally expressed as a fixed percentage of
Wro as shown in Eq. (8). The typical value of f,,4, is around 0.007.6

WFman = fmanWTO (8)

The Federal Aviation Administration (FAA) specifies requirements for minimum reserve fuel. Reserve fuel for
international operations must be enough to support climb from sea level to cruise altitude, cruise to an alternate airport
at best speed and altitude, descent to sea level, and cruise for 45 minutes at cruise speed and altitude. The reserve fuel
is generally expressed as a fixed percentage of the zero-fuel weight, Wzp, as shown in Eq. (9). WzF is the sum of
empty weight, W, and payload, Wp,p, which is the weight of an aircraft with payload but without fuel. The typical
value of f,., is around 0.08.° For domestic operations, FAA regulation requires reserve fuel only for cruising to an
alternate airport and for 45 minutes of holding. In this case, the two requirements can be handled by extending the
cruise distance instead of using Eq. (9)

WFres = fresWZF (9)

III. Approximated Model for Climb Fuel Consumption

Among the three basic flight segments, the amount of fuel consumed during climb is the most difficult to estimate.
In this section, a method based on fitting the trajectory simulation results is presented in detail. Previously discussed
Eq. (2) is based on energy conservation that does not accurately capture the energy lost from aerodynamic drag during
climb. Moreover, Eq. (2) is derived from a narrow family of aircraft and might not be suitable for other types of
aircraft. The new method creates a quadratic function of & and V for each aircraft type to reflect its unique climb
performance characteristics.

A quadratic function of h and V' as shown in Eq. (10) is chosen to represent f;,. as an expansion to Eq. (2).
Additional terms, k2, hV, V, and a constant are added to capture effects that are not directly represented by a simple
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conservation of potential and kinetic energy. These effects include changing atmospheric condition as a function of h,
variations in TAS, and the dependency of the thrust specific fuel consumption on TAS.

WFclimb - (WFCT'uise)geOaCrture
W L = k1 h? + kohV + k3V? 4 kah 4 ksV + ke (10)
TO

Actual climb fuel is computed by a simulation that follows the procedures specified in BADA.” Since the simula-
tion provides a complete trajectory, the horizontal distance to the top-of-climb (TOC) and the weight at the TOC can
be extracted for given h and V. Actual climb fuel weight, Wr ;.5 1S the difference between W and the weight at
TOC. Cruise fuel weight, (Wg Cmise)ggacmwe, is calculated by setting d in Eq. (4) as the horizontal distance between
the departure airport and the TOC.

The coefficients, k;s, are computed by applying a least square fit to data points generated by running the trajectory
simulations with ranges of W, h, and V.

Three Wros, 60%, 80%, and 100% of the maximum takeoff weight, W7o, are used. fi, is not fully indepen-
dent of the takeoff weight; however, the dependency is fairly weak. One of the purposes of this approximation is to
generate a fit that is not a function of Wro. This weak dependency plays a key role in deriving simple equations for
the takeoff weight, which will be described later.

h is varied from 10,000 ft to 45,000 ft with 1,000 ft steps for jet aircraft and from 10,000 ft to 35,000 ft for
turboprop aircraft. V' is varied from 300 knots to 500 knots with 10 knot steps for jets and from 200 knots to 350
knots for turboprops. A total of 2,268 combinations of Wr(, h, and V' were simulated for each aircraft type in the jet
category, and 1,248 combinations were simulated for each aircraft type in the turboprop category.

Not all of the combinations are feasible. For each aircraft type, the trajectory simulation results are filtered to
exclude unreachable regions of the flight envelope. Using feasible data points, an initial least square fit is created. This
fit describes the behavior of f;,,. well except for the combinations of i and V' that are not likely to be used, such as
high h with low V or low h with high V. To prevent these unrealistic operation points from skewing the fit, another
screening step is performed by filtering the data points that yield errors higher than +15% from the initial fit. Final
values of the coefficients are obtained by applying another least square fit to the screened data points.

finc (h7 V) =

600

Boeing 737-700
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Figure 3. Distribution of error in climb fuel weight of Boeing 737-700.

The coefficients are computed for 17 widely used transport jet aircraft listed in Table 1 and four turboprop aircraft
listed in Table 2. A total of 21 aircraft listed in Tables 1 and 2 represent 56% of flights among 47,735,790 flights that
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were flown between 2005 and 2007.2

Figure 3 shows a histogram of errors in climb fuel weight for Boeing 737-700, which compares the climb fuel
weights computed by the least square fit to those computed from the trajectory simulations. The error distribution
shows three noticeable peaks caused by three different Wros used for the trajectory simulations. However, the errors
are mostly within 5 %.

Table 1. List of coefficients for f;,. for common jet aircraft.

Aircraft ki x 102 ky x 107 k3 x 102 kg x 10% ks x 105 kg x 103
Dassault Falcon 50 —18.2 3.11 —163 2.46 47.1 —0.823
Embraer 145 17.3 4.72 —286 0.0268 77.5 —1.36
Canadair CRJ-100 9.74 1.11 133 1.07 —70.4 8.14
Airbus 319-100 20.7 -1.07 107 1.10 —46.3 5.91
Airbus 320-200 29.4 —2.63 64.2 1.40 —22.5 3.74
Airbus 330-200 30.6 —2.85 70.0 1.31 —21.5 3.29
Boeing 717-200 —31.4 4.62 —238 0.552 68.6 —3.34
Boeing 737-200 —42.7 5.64 —-310 0.929 91.2 —4.61
Boeing 737-300 —23.7 3.96 —248 0.680 75.5 —4.53
Boeing 737-700 38.9 —-3.37 130 1.48 —43.6 5.81
Boeing 737-800 31.1 —2.75 115 1.47 —40.3 5.12
Boeing 747-400 8.45 —0.816 44.4 1.03 —15.7 1.60
Boeing 757-200 —20.2 4.28 —264 0.447 78.4 —5.40
Boeing 767-300 —35.6 5.67 —279 0.180 86.3 —5.04
Boeing 777-200 21.9 —2.84 65.0 1.38 —17.1 2.56
Boeing MD82 —58.9 8.29 —364 0.290 106 —5.48
Boeing MD83 —-30.0 4.55 —289 0.802 87.5 —5.64

Table 2. List of coefficients for f;,. for common large turboprop aircraft.

Aircraft ki x 102 ko x 10° k3 x 107 ky x 106 ks x 10° kg x 103

British Aerospace Jetstream 31 38.4 —15.2 —612 2.46 1.61 —10.6
Saab 340 —59.8 7.70 —374 1.98 58.7 —2.98

Embraer 120 25.7 —1.40 —353 1.01 82.5 —4.55

ATR 42-500 29.7 —6.41 —244 1.41 63.7 —3.96

IV. Computation of the Takeoff Weight

In this section, all the previously developed model equations for climb, cruise, and descent, as well as for maneu-
vers and reserve, are combined to derive the equations for calculating the takeoff weight. Since an aircraft has limits
on takeoff weight, payload weight, and fuel capacity, the model will consist of a set of algebraic equations.

The total fuel weight, Wr, is the sum of the fuel weight for each segment and the additional fuel weights for
maneuvers and reserve as shown in Eq. (11).

WF = WFclimb + (WFcruise);gg + WFdescent + WFman + WFres (11)

In Eq. (11), WE jimp 18 substituted by Eq. (1); Wr gescent 1S approximated by cruise fuel as in Eq. (7); Wr,an
and Wrg,.., are substituted using Eqs. (8) and (9) respectively. When all of these substitutions are combined, Eq. (11)
is rearranged into Eq. (12).
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TOC TOD arrival
WF - (WFcruise)departure + (WFcruise)TOC + (WFcruise)TOD +

WTOfinc + fmanWTO + fresWZF (12)

= (WFcruise)ZE;:::;Lre + (fznc + fman) WTO + fresWZF

The first term of the right hand side of Eq. (12) is the fuel consumed while flying at constant speed and altitude
for a given distance. This distance along the route of flight is, depending on the availability of wind forecast, the sum
of flight route distances or wind-compensated distances between adjacent waypoints from the departure airport to the
arrival airport as shown in Fig. 4. To account for the reserve fuel, the distance to an alternate arrival airport, d;;, and
the distance for a given duration of holding, dj.;4, can be added to the route distance. For generality, reserve fuel as
a fixed percentage of W will remain in the formulation. If d,;; and dj4 are used, f,.s should be set to zero. The
cruise fuel weight can be expressed as a function of distance and initial weight, which is W, using Eq. (4) as shown
in Eq. (13).

Alternate
airport

Departure Arrival dy,
airport airport
d=d+d,+d,+d, +d, ;+d,

Waypoints

Figure 4. Distance is calculated by adding all the segment distances between the waypoints as well as the distance from the
arrival airport to the alternate arrival airport.

1 AiWro — Ag

W cruise — W AT A A v 13
F TO T A TT A A Wro (13)
The auxiliary parameters, Ay, Ao, and Ay, in Eq. (13) are defined in Egs. (14) through (16).
1 [Cps
A= — | =—= 14
"7 35\ Tng o
c
Ay = vV Cp2Cbo (15)
Ay = tan (Aad) (16)

Since W is Wro subtracted by Wy, substituting Wg.,..ise in Eq. (12) by Eq. (13) yields a quadratic equation
of W as shown in Eq. (17). The auxiliary parameters, A3 and Ay, in Eq. (17) are defined in Egs. (18) and (19). It
is shown in Eq. (17) that f;,. being independent of W1 enabled this quadratic formulation.

A
(A1 A3Ag) Wro® + (A Ay AgWzp + Az — 1) Wro + (A4WZF + AT) =0 (17
A3:finc+fman (18)
A4:1+fres (19)

Wro can be obtained by solving Eq. (17), which has closed-form solutions. However, it is necessary to check the
Wz corresponding to Wi, to ensure Wro does not exceed Wiasro. Eq. (17) can be solved for Wz as a function
of Wro, and the maximum zero-fuel weight, Wz, should be calculated from W, as shown in Eq. (20).
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— A1 A3 AWarro® + (1 — A3) Warro — de
1

Ay (AAWyro + 1)

BADA provides Wg, maximum payload, Wy, pr, p, and Wy,ro. If the sum of W and Wy, prp exceeds Wiz,
some of its payload has to be traded with the fuel weight. In this case, the W7o becomes Wro.

Conversely, if the sum of W and Wy, prp is smaller than Wz, the aircraft can carry its maximum payload,
and Wro will be smaller than or equal to Wi;ro. Since the load factor is not known, aircraft are assumed to carry
as much payload as possible. Wz becomes the sum of Wg and Wi, prp, and W is obtained by solving Eq. (17).
Since Eq. (17) is a quadratic equation, two solutions are possible. A number of computations with realistic scenario
revealed that the smaller of the two is the physically feasible solution.

Even though it is not provided by BADA, fuel tank capacity can often be obtained from various sources such as
airport planning manuals. For very long cruise ranges, usually the fuel tank is full at its maximum fuel weight, W, r,
and the payload has to be reduced to be able to meet the given range. In this case, W in Eq. (17) can be substituted
by the sum of Wg, Wprp, and Wy, r, and rearranged for Wpr p as shown in Eq. (21).

Wyzr = (20)

BoWprp® + BiWerp + By =0 21
The auxiliary parameters, By, Bi, and Bo, in Eq. (21) are defined in Egs. (22) through (24).

By = A1Ag(As+ Ay) We? + A1 Ag (245 4+ Ay) WeWarr + Ay AsAgWa 2+ )
(As+ Ay — 1) Wi + (As — 1) Wyp + 42

By =241 A (As + A)) Wi + A1 Ag (2435 + A) Warp + As + Ay — 1 (23)

By = A1 Ag (As + Ay) (24)

Figure 5 summarizes the takeoff weight computation process. First step is calculating W,z that corresponds to
Whrro using Eq. (20) as shown in Fig. 5 (a). If sum of Wg and Wy, prp is smaller than W,z as in Fig. 5 (b),
W prp becomes the payload, and sum of W and Wiy, pr,p becomes Wz . W is determined by solving Eq. (17)
as indicated in Fig. 5 (d). If sum of Wg and Wy, prp is larger than Wy, 7, W is calculated by subtracting Wy, z
from Wysro as shown in Fig. 5 (c). If W is smaller than W, as described in Fig. 5 (e), the payload is limited by
Whrro. In this region, W is always Wy o as shown in Fig. 5 (f). If the calculated W in Fig. 5 (c) is larger than
Whrr, Wg is fixed to Wy, and Wpr p has to be reduced. Wpp p is calculated by Eq. (21), and Wr is sum of W,
Wprp, and Wy, r as indicated in Fig. 5 (g).

V. Verification of the Model

To verify the the model, payload range trade-off diagrams were created for a Boeing 737-200 as an example of a
jet aircraft and for an Embraer E120 as an example of a turboprop aircraft. These aircraft were chosen because the
data are available from both BADA and the manufacturers.

A. Payload Range Trade-off for Boeing 737-200

Unlike the payload range diagrams of more recent aircraft such as Boeing 737-700, the manufacturer-provided payload
range data for Boeing 737-200 uses constant altitude cruise at 30,000 ft.!! A long range cruise Mach number of 0.74
is used for the cruise Mach number, which is a typical value for the older generation Boeing 737 family of aircraft.
Table 3 lists the complete set of parameters. Since the Boeing document did not specify detailed reserve fuel condition
other than domestic reserve, three different conditions were tested.

Figure 6 shows the payload range diagrams. Payload is plotted with respect to range. The curve starts horizontal.
This horizontal portion indicates that, if the required range is small, the aircraft can carry its maximum payload. In
this region, payload is limited by the maximum payload capacity. The first downward slope after the horizontal part
is the operating region which is limited by the maximum takeoff weight. In this region, the payload has to be traded
for fuel to meet the required range, but the fuel tank is still not full. Finally, the second, steeper downward sloping
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Maximum
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Wuze = Waze(Wwro)
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Geometry and aerodynamics: S, C,, Cp,
Thrust specific fuel consumption: ¢
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W0 = Wuro

Woro =Wero(We, Wyr)

Wio=Wg+ Werp + Wy

Figure 5. Summary flow chart of the takeoff weight computation process.

Table 3. List of parameters used for the payload range trade-off diagram of Boeing 737-200.

Aircraft type

h

Cruise Mach number
Atmospheric condition
Waro

Wg

WyupLp

Wur

fman

Reserve fuel condition 1
Reserve fuel condition 2
Reserve fuel condition 3
Cpo

Cps

S

Cc

Boeing 737-200 with JT9D-9/9A engines

9,144 m (30,000 ft)
0.74

Standard atmosphere, no wind

513,422 N (115,500 Ibs)
265,825 N (59,800 Ibs)
156,476 N (35,200 Ibs)
142,365 N (32,026 Ibs)
0.007

fres = 0, 45 min holding

fres = 0, 100 nmi to alternate airport, 45 min holding

Frow = 0.08
0.0214

0.0462

91.09 m?

2.131 x 10~* 1/s
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Figure 6. Payload range diagram for Boeing 737-200.
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region indicates that the fuel tank is full. In this region, payload has to be further reduced to meet the required range,
since it is not possible to add more fuel. The theoretical maximum range is achieved with a fully filled fuel tank and
zero payload. As can be seen from the figure, resulting payload range relations from the model show the same general
trends as with the manufacture’s data. For the most conservative reserve fuel condition, the range is off by about
250 nautical miles for given payload. However this reserve condition is more suitable for international operations
as discussed in the earlier section. Two other domestic reserve conditions show less than 100 nautical mile range
differences, especially when the range is smaller than 2,000 nautical miles.

B. Payload Range Trade-off for Embraer 120

For the Embraer 120 RT, 315 knots was used for the maximum cruise speed.'? Table 4 lists all of the parameters used
for the computation. For this aircraft, the specific reserve condition, which is 100 nautical miles to the alternate airport
with 45 minutes of holding, was provided. Figure 7 shows the payload range trade-off relation for Embraer 120. The
curve from the model follows the manufacturer data within 50 nautical miles.

Table 4. List of parameters used for the payload range trade-off diagram of Embraer E120.

Aircraft type Embraer E120 RT with PW118 engines

h 7,620 m (25,000 ft)

V162 m/s (315 knots)

Atmospheric condition  Standard atmosphere, no wind
Wuro 112,700 N (25,353 1bs)
Wg 70,854 N (15,939 1bs)
Wuprp 32,046 N (7,209 1bs)
Whyar 25,480 N (5,732 1bs)

fman  0.007
Reserve fuel condition  f,..s = 0, 100 nmi to alternate airport, 45 min holding
Cpo 0.025
Cpo 0.05
S 39.43m?

c 1.366 x 1074 1/s

VI. Trajectory Comparison

Takeoff weights, fuel consumption, and climb gradients for five Boeing 737-300 flights extracted from Southwest
Airline’s schedule were computed to show the impact of takeoff weight on total fuel burn and climb gradients. In
Table 5, the first three columns are actual flight plan information. No wind is assumed for the weather condition. For
reserve fuel condition, f,..s = 0.08 is used instead of d,;; and dj,14.

Two sets of trajectories were simulated. In the first set, all five fights were initialized with the maximum takeoff
weight of 138,450 Ibs. In the second set, flights were initialized with the weights calculated using the weight estimation
model that is developed in this paper. These weights are shown in the fourth column of the table. First two sub-
columns under the Fuel burn column compare the total fuel burn. Weights under the label “at Wj,;ro” are the fuel
burn computed by the trajectory simulations when the flights were initialized with maximum takeoff weight. Weights
under the label “at W™ are the fuel burn for trajectory simulations when each flight was initialized with its estimated
takeoff weight. The comparison shows that using the maximum takeoff weight overestimates the fuel burn by around
five to ten percent. The first two sub-columns under Climb gradient column compare the average climb gradients for
ground to TOC. Gradients under the label “at W,;7o” are for the trajectories that are initialized with the maximum
takeoff weight. Gradients under the label “at W1 are for the trajectories that are initialized with estimated takeoff
weights. Using maximum takeoff weight causes about 14 to 22 percent underestimation of the climb gradient.
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Figure 7. Payload range diagram for Embraer 120.

Table 5. Fuel burn and climb gradient comparison between Boeing 737-300 flights using maximum takeoff weight and the
takeoff weights estimated with the method in this paper.

h \%4 d Wro Fuel burn [1b] Climb gradient [deg]

[ft] [knot] [nmi] [Ib] at Wyro atWpro  Diff. [%] at Wyro atWpro Diff. [%]
23000 406 245 120,450 3,918 3,614 8.4 4.4 54 -19.1
33000 445 416 122,586 6,339 5,777 9.7 2.5 32 -22.3
22000 400 594 125,566 9,121 8,631 5.7 4.7 5.5 -13.9
33000 443 571 124,537 8,466 7,789 8.7 2.5 3.1 -19.8
33000 434 408 122,469 6,291 5,714 10.1 2.5 32 224
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VII. Conclusions

A non-iterative closed-form solution is developed for the takeoff weight estimation. Using this formulation, a
takeoff weight that is based on aircraft performance and flight plan can be quickly calculated for a flight. The effect
of cruise altitude and speed are accurately captured in addition to the required range. For verification, payload range
trade-off diagrams are created and compared to that provided by the manufacturers. Comparison shows that the model
captures all three phases of payload limitation with about 50 to 100 nautical mile differences in the range.

Accurate and fast takeoff weight estimation will benefit large scale air traffic simulations by providing more accu-
rate trajectories. Especially, it will be useful for the evaluation of automated conflict detection and resolution schemes
where trajectory prediction is crucial. As environmental impact of aviation is becoming increasingly important, this
model can also improve the fidelity of system-wide noise and emission estimation.

While the upper bound of the takeoff weight is the maximum takeoff weight, the closed-form model provides
the lower bound of the takeoff weight. Investigations with real world takeoff weight and trajectory data will further
enhance the takeoff weight estimation model.
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